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Abstract: The kinetic rate constant fo~ the etching 
.. 
of sili~on by fluorine has been estimated using a steady 
state reactor model. The value was found to be 1360 
[cm3 reactor/(cm2 Si)(min)]. The· proposed model has 
• 
been corrected to account for ion bombardment effects 
' ' 
:wh_ich may ·be present. Re·latively accurate predict ion of 
$ilicon etch rates from fundamental reactor conditions 
is possible, especially in the 17-27 Pa range. 
Calculations were also made to estimate the amount 
of surf ace· heating which takes place in .the reactor. 
A reaction mechanism for the the dissociation of NF3 was 
·iri.t.roduced which shows two mo.:les of fluorine molecules 
be:in-g· produced for every mole· of NF3 which rea·ctea· .• 
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I· Introduction 
One of the key process areas in the tabricaton of 
, ' 
semiconduttor devices is the etching of thin films. 
Historically this has been done using wet chemical 
etches. In the past five years, however, there has 
been an incredible growth in the use of so called 
"dry" etching methods. These methods utilize ionized 
gases (plasma) at low pressures to achieve more 
accurate etching and greater line resolution· ·for 
microcircuits. 
Although plasma technology has been studied sihte 
t:he early 1970' s, it is only recently that research 
has been conducted to further our understanding of 
industrial processes which use plasma etching. Much 
'1 
of this researcJ1 .centers on empirical studies to 
determine unoe:r:l.y·:ing reaction mechanisms and kinetics. 
Al.thou:g:.h th:i.s is useful for the specific application 
:s·t:.u·die-d_., -such empirical data can lead to serious 
errors if extrapolation is attempted. 
I<iite··tic dat.a which is based on a rational 
t:heoretica·l .rno.del i.$ _rngre fundamentally· sound. · Such 
d:at-a is a·l.sro :more. wid.el:Y applicable, since the model ·':, 
-2-
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# is capable of correcting for a change in reactor 
conditions. This research proposes a model for 
estimating reaction kinetics, as well as silicon etch 
' rates, over a practical range of operating pressures 
The goal for plasma etching of silicon i.s to 
·.achieve anistropic (vertical) etching and -high 
selectivities. Single wafer reactor technology 
further requires that etching must b~ accomplished at 
high rates [l]. This combination of goals can be 
achieved using reactive ion etching (RIE). However as 
devices shrink and gate insulators are made thinner, 
the effect of ion bombardment on breakdown voltage 
becomes an important concern [2]. Also near-surface 
damage in silicon during RIE has· 'b·ee:n shown. to be 
significant [3]. 
Qualitatively, too much ion bombardment is 
destructive [4], and too little results in istropic 
(nonvertical) etches. The ideal etch would employ 
en·o.ugh .. i.on '.borrtbar.drrtent :to create vertical w.a·.1.l.$, but 
not enoug'h t:o ca.us.e. ion .. induced d.aroag·~. Clearly,· an 
optimum conlb·ination of ionic atld ·C·hemical components 
of etchin:tr ·w.i'll exist for each etching step. 
' Ions ~hhance etching ·by either physical 
.. 
... ·.3.'. 
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I, 
sputtering or by enhancing the desorption of adsorbed 
species [4-7]. In the case of fluorine etching of 
' 
silicon these adsorbed species are most likely.,SiF2 
'~ 
[8]. Argon ion beams of 450 ev have been shown to 
greatly increase the rate.of XeF2 etching by a factor 
of 10 times over that of XeF2 or argon ions alone [9]. 
Separating the etch rates of chemical reactions 
' . ........... . 
and 10n assisted reactions has been attempted 1n 
several ways. Shielding of the wafer surface surface 
.... 
to prevent ion bombardment has been attempted, however_ 
transport limitations of the active sp~cies from the 
plasma to the wafer surface can be significant, 
especially at high etch rates (10]. Measurement of 
the ion flux and energy in order to correlate ionin 
:':r:-e-act·ion probabi 1 it ies is a more. rigorous. approach 
ri11. Measurement of ion flux and energy, however, is 
.a difficult task that requires modifications to 
standard etching tools. Pin holes drilled in the 
e:le.c·tr·ode to sample iq_ .. rts can significantly disturb the 
,plasma locally. The 1QC•tion of the pinhole can also 
-
li.mit the ion sample. to· =ii. specific position in the 
re.-actor, thus ig·norin·g :aO:Y gradients which may be 
.present. 
.,,.,,,-. 
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An untried method of separating the two 
components in etching is by determining the intrinsic 
-. 
('- _J 
etch rate at pressures high enough to eliminate ion 
\ 
enhanced reactions. For a simple fluorine containing 
. 
gas, such as NF3, the high pressure etch rate will be 
governed by F radical reactions with the silicon 
surface. The reaction of F radicals with Si has·been 
studied extensively and reaction rate constants exist. 
in the literature (12]. Extrapolating the chemical 
etch rate data to lower pressures using a verified 
mo.del will allow prediction of the chemical etch rate 
component at these lower pressures. Thus at lower 
pressures the difference between the observed etch 
rate and the calculated chemical etch rate can be 
attributed to the ionic contribution. 
The relati•e importance of ions: ·versus reactive 
j 
neutrals is also dependent on the molecular structure 
, . 
of the etchant gas. For example NF3 has been shown to. 
produce fewer positive ions than CF4 at similiar 
I 
reac:t:i·on conditions (13]. Fewer positive ions cause 
,I 
NF3 to give predominantly isotrop·ic etch profiles 
(16]. The use of NFE3 as an etchant, however, bas the 
advantage of high silicon removal rat·es and high 
-s-
) 
,t,·..:o·.; I 
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.. 
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• 
'C, 
.. ' ,> .. , 
• 
selectivities over silicon- dioxide (14]. This high 
rate and selectivity ·has been attributed to NF3's 
rapid dissociation to form molecular fluorine and its 
isotropic nature to the ~bsence of positive ions. One 
method to. overcome this isotropic limitation is 
through appropiate gas addi ti·ves that may enahnce ion '· 
formation. Thii would require a method to separate 
the chemical and ion.ic etching .. components. Tt1e 
t 
~ 
following work is a presentation of such a method. 
··-· r 
/ 
·1 
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Section I-Experimental 
The plasma etching was conducted in ·a Plasma-Therm 
PK-24. The electrode spacing was 1.57 cm and each 
electrode had an area of 2450 cm2. The reactor volume 
.J I! 
was calculated to be 3850 cm3. The PK-24 uses a radial 
... 
flow configuration with gases entering the chamber from 
the perimeter qf t~e bottom electrode and being 
exhausted through a port ·in the center of the same 
electrode. NF3 and Ar were fed separately through 
individual mass flow controllers and mixed upstream of 
the reactor. The concentration of NF3 in the feed gas ~ 
was controlled using a ratio control of their respective 
mass flows. The total flow rate of gases was varied 
from 5-25 seem in 5 seem increments. Flow rates were 
kept below 25 seem in order to eliminate radial 
gradients (Stenger et al). The temperature of the 
" 
electrodes was maintained at 2.5 °c by circulating.· chille'd-_ 
water through them. All gases were kept at ambient 
temperature (24-27 C). The experimental runs were 30 
minutes in duration. 
The substrates were prepared from single crystal 
silicon {100). Two inch wafers were weighed and cleaved 
.. 
,. 
.... 
,, 
'' 
' ' 
' 'f 
L ·~ < 
into quarters which were fuither cleav~d to give 
rectangular samples. Th~ rectangular samples were then 
weighed to determine their fraction of the original 
wafer, thus ~l~owing their suiface areas to be 
calculated. Each sample was then weighed immediately 
before and after etching. All etch rate measurements 
were taken at a radius of approximately 25 cm from the 
center line of the reactor. The samples were placed in 
a recessed area of the electrode in order to assure 
m·inimum "floating" and, enhanced heat transfer • 
. 
. ~ --
For the purpose of this research, low silicon 
loading was defined as < 10 c·m:·2 si and high Si loading 
was defined as > 100 cm2· ,S·i ..•. 
S~ction 2-Experimental Results ~ 
Figure 1 shows the silicon etch rate as a functitin 
of total flow rate (NF3 + Ar) for levels of silicon 
loading. The inlet concentration of NF3 was maintai~ed 
at 0.40. The. reactor pressure ~as 20 Pa and the 
,. ·-' 
:incident RF power was 0.20 watts/cm2. The silicon etch 
-
... 
.Q 
·-.,;, 
.-·--
:j 
"' 
rate follows a linear trend with total flC>W rate ~or all 
five loadings. 
Figure 2 ·shows silicon etch rate as a·function of 
total flow rate for a relatively high silicon l0ading. 
·, 
The inlet NF3 concentration was maintained at 0.40 and 
the reactor pressure was 20 Pa. The incident power was 
then varied from o.oa-0.20 watts/cm2 in 0.04 watts/cm2 
increments. The total flow rate was varied from 5-25 
seem in 5 seem increments. 
Section 3-Discussion 
The proposed mechanism for etching silicon with NF3 
) 
is represented by the following four reactions. 
kl 
NF3 + e- --~~~---- NF(3-x) + xF + e~ "·.(· l· .• :) · .. · ) . - . . .;,' 
.. 
,II' 
.. 
. 
. -
.• ~f 
' I ,. 
( . 
/ 
' -,-' 
. '
' 
' 
.. 
.. 
I 
! ' •. ,,_ 
·, ' 
·... ... 
Kf 
'(adsorbed) \ + Si 
I\ 
2F 
---------
( 2) 
Si Si 
·\...., 
k2 F 
\ . . 
--------- S1 ...... ;S1, 
F. ·F 
.... -, .. _ .. _ 1··· 
,. : 
Si 
/\ 
Si Si .!". 
F + + 
.. 
S-1.F:2 ( ~;) 
. 
. · 2··F: ·+ SiF2 --------- SiF4 ( 4) 
-, 
Assuming that reaction 2 is in equilibrium, reaction 4 
is instantaneous, and setting aSi=[Si], the resulting 
rate expre,ssions are: 
rF=xkl[NF3] [e-]-4k2[F]aSi 
rNF3=-kl [NF3] [e-] 
~ rSi=k2[F]aSi 
where rA= rate of appearance of species A,rnols 
A/Cm.in) (cc) 
-10-
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kl= kinetic rate constant for reaction 1, 
cm3/(mol)(min) 
k2= kinetic rate constant for reaction 2, 
cm3/(mol)(min)(cm2 Si) 
..;· 
[A]= molar concentration of species A in 
I 
reactor,molsA/cm3 
asi= silicon loading, cm2 Si/cm3 reactor 
By introducing kl'=kl[e-1, these expressions can be used 
in a component balance for a well mixed reactor at 
steady state. The general form of the component 
balances is: 
q1A]i - q[A] + rAV = 0 
where q= volumetric flow rate, cm3/rnin 
[A]i= molar concentration of A at inlet, 
. 
molsA/cm3 
[A]= molar concentration of A at outlet, 
molsA/cm3 
V= reactor volume, cm3 
/ . 
,, 
' 
( 5) 
Alternatively, by defining a mean residence time (tr) 
. -11-
• 
,. 
) 
I ... 
I . 
"' .... 
;,f> 
.. . . 
\ 
... •.. 
. 
' ... 
equal to V/g, the component balance becomes: 
' . 
[A]i - [A] + rAtr = 0 
Performing component balances on F and NF3 and 
.. 
(6) 
• 
simplifying_ gives the following expression for Si etch 
rate: 
Re (mols.Si/min)= xNrkl'k2aSitrY:NF3 
(1 + kl'tr)(l + 4k2aSitr) 
To convert Re in equation 9 from mols/min to 
Angstroms/min: 
9 
( 7) 
re (A/min)= 1.22 x 10 Re (mols/min)/aSiV (8) 
Equation 7 is a general expression for etch rate-which 
can be reduced to simpler forms at limiting cases of 
high silicon loading and rapid dissociation. For 
example, if both kl'tr >> 1 and k2aSitr >> 1, (i.e. 
high silicon loadings.i and rapid dissociation) equation 7 
8 
becomes: j1 
· -12~ 
\ 
• 
,, 
•• 
,·, .t,'·:t·"'• ..,,, ·,1', 
\ . 
• 
.. ' 
-Re (mols/min) = xNryNF3/4tr ( 9) 
I Figure 3 shows a plot of silicon etch rate vs. 
1/tr for a relatively high silicon loading (see 
experimental) at various power densities. The minor 
effect of power on Si ~tch rates indicates that even at 
the lowest power density NF3 dissociation is extremely 
rapid. The ~esulting least squares data fit for all four 
power densities is: 
Re (mols/min) = 6.24 x 10-6 1/tr - 3.30 x 10-5 (10) 
·T:his expre··ssion approac,hes the form of equation 9, with 
an intercept near zero. The slo_pe- _is twice the 
magnitude of NryNF3/4 (6.24 x 10~6 vs. 3.10 x 10-_6). 
This indicates that two moles of Fare produced from 
• 
each mole of NF3 that dissociates or that x in equation 
7- equals 2. 
"' 
< 
If kl'tr >> 1 ti~~. rapid dissociation), equation 7 
.s:implif ies to, 
I. 
-13-
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Re (mols/min)= xNrk2aSiyNF3 
(1 + 4k2aSitr) 
. ! 
• Rearranging, 
xNryNF3/Re - 4tr. = l/k2aSi 
'I\ 
, .. 
:(.ll-l 
(12) 
Th·u.s. a plot of [xNryNF3/Re - 4tr] vs. 1/asi gives a 
s·lope of l/k2 and an intercept of O. 
Figure 4 shows a plot of [xNryNF3/Re - 4tr] vs. 
1/aSi for three flow rates and four low silicon · 
The ori~in is included as a data point for 
' 
.e.ac:h d:ata set·. Table 1 lists the slopes for each flow 
:rate. 
Ac.t.ual tr (min) 
"' 
: . 
0.076 
0.051 
0.038 
0 e:030 
·• 
. . .
·,. 
Table 1 
Intercept (mi.nl 
·o. 32 1.03 X 10-3· 
0.22 8.61 X 10-4 
. 
'~ 
0.20 6.58 X 10-4 
0.24 3.96 X 10~4 
/ • .. 
} ...... 
-14-
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• 
The mean slope is 7.36 x 10-4, which gives a mean k2 of 
1360 cm3 reactor/(cm2 Si)(min). -Although this mean v 
value for k2 is within 10% ·of earlier work (12], the 
slope shows a definite trend with tr. This suggests that 
k2 is related to flow rate. Since the rate constant for 
a reaction should be independent of inlet flow 
' 
conditions, this dependence of k2 on flow rate must be 
due to a secondary condition. This condition is most 
pfobably surface heating taking place on the silicon 
substrate. 
As flow rates rise, the etch rate for a given 
silicon loading increases linearly (see figures 1 & 2). 
This increased etch rate heats the surface of the 
substrate thereby increasing the observed value of k2. 
Only minor increases in temperature are required to 
cause significant changes in k2, due to the exponential 
dependence of rate constants on temperature. 
Further evidence that surface heating is taking 
place on the substrate surface can be obtained by 
performing a heat balance on the wafer. Assuming that 
Q 
the wafer rests on a 0.01 cm gas space at 25 C, then the 
-15-
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following equation describes the heat transfer through 
the wafer: 
. 
-0 = H d Re A= 1/R (Ts - 2s 0 c) 
where Q= rate of heat transfer, J/(crn2)(sec) 
H= heat of formation for SiF4, J/mol 
d= molar density of silicon, mol/crn3 
Re= etch rate of silicon, cm/sec 
A= area of silicon sample, cm2 
R= overall thermal resistance of gas and 
silicon, °C/Watt 
(13) 
Ts= surf ace temperature .of silicon sample, •c 
Rearranging, 
T--s = 25 °c + H cl Re :A ·-R. (14) 
Substituting the highest observed etch rate used to 
estimate k2 (14620 1/min), one obtains a surface 
temperature (Ts) of 42°c. Substituting this temperature 
' into the Arrhenius expression suggested 0 by Flamm et al 
•. 
-16-
/ 
.. 
,, 
[12], one obtains a k2 value of 1950 [cm3 reactor/(cm2 
... 
Si)(min)]. Thus it appears likely that some surface 
/ 
heating is taking place, especiaily if one considers th~ 
rather long etch time used (30 minutes) • 
• In addition to surface heating, it is likely there 
is ion bombardment taking place at the relatively low 
pressures being used. Table 2 gives a comparison of 
T 
observed vs. predicted etch rates for various reactor· 
pressures. The predicted etch rates were calculated 
using the mean k2 value of 1360 [cm3 reactor/ (cm2 
Si)(min)]. The silicon loading was 5.94 cm2 Si. The 
importance of ion bombardment can easily be seen as one 
examines the behavior of the model with respect. to 
reactor pressure variation. 
:Pre S-S:U_r:e 
. . 
40 Pa 
27 
io 
17. 
,. 
~ 
Table 2 
Predicted Re 
Ii 
5.62 X 10-5 
4 • 43 X 10-5 
3.65 X 10-5 
3.19 X 10-5 
Observed Re Delta 
-17-
·a .-:9:3 X 10-6 4 • 73 X 10-5 
1.31 X 10-5 3.12 X 10-5 
2.07 X 10-5 1.58 X 10-5 
1.60 X 10-5 1.59 X 10-5 
-,·. 
. \· 
1: 
.. 
"' ' ' '. 
... 
... 
. . 
J 
• \ 
As the reactor pressure is increasedt the model 
consistently overestimates.the silicon etch rate. This 
indicates that there is progressively less ion 
bombardment as the reactor pressure rises. In order to 
! 
correct for this phenomen.on, · equation 9 was modified to 
consider the effect of pressure: 
• .ii:' 
Re= xNrk2aSiyNF3 
(1 + 4k2aSitr) 
1. 02 X '10-6 P 
-
where P= reactor pressure in Pascals. 
(15) 
Table 3 illustrates the effectiveness ·of equation 15 'irt 
predicting re~ctor etch rates. 
Table 3 
:r 
-18-
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G 
,-
.. 
Pr~ssure Predicted Re 
40 Pa 1.54 X 10-5 
27 1.68 X 10-5 
20 
17 
1.61 X 10-5 
1.46 X 10-5 
/ 
Observed Re 
8.93 X 10-6 
1.31 .X 10-5 
2.07 ,c 10-5 
1.60 X 10-5 
% Delta 
72% 
28 
.·.2- ·_2· · 
·. -· 
. :· 
.9: 
• 
Although the model does poorly at the highest pressure, 
it is reasonably accurate within the 17-27 Pa range. 
Further research is needed to develop a model for use in 
the range above 27 Pa~ 
Conclusion_ 
The kinetic rate constant for the etching of 
silicon by fluorine has been estimated using a steady 
state reactor model. ~he value was found to be 1360 
[cm3 r~actor/(cm2 Si)(min)]. The proposed model has 
been corrected to account for ion bombardment effects 
which may be present. Relatively accurate prediction of 
.. 
-19-
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J 
silicon etch from fundamental reactor conditions 
¥ 
is possible, especially in the 17-27 Pa range. • 
Calculations of the surface heating present at high 
etch rates were made. Although only a limited amount of 
0 
surface heating was calculated (17 C), it was enough to 
• 
partially explain the dependence of k2 on flow rate. 
The effect of varying power densities on the 
dissociation of NF3 was also studied. Even at. 0.08 
watts/cm2, dissociation was extremely rapid, indi_~ating 
a very low activation. threshold for this reaction. The 
I 
steady state model was then used to predict a likely 
dissociation mechanism. The dissociation mechanism was 
found to be two moles of fluorine produced for each mole 
of NF3 which reacted. 
Further research is needed to better u~derstand the 
sensitivity of the model to surface heating. There will 
also have to be future work to extend the model beyond 
30 Pa. The current model, however, should provide 
useful esti~ates of both chemical and ionic etching for 
a practical range of operating pressures • 
., 
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Appendix A: Silicon Etch Rate Data 
• 
Low Silicon Loading 
All runs have nominal pressure of 20 Pa,· 40%NF3 in 
Ar, 500 Watts, 25 C, recessed paten, 30 min etch· times, 
and 25 cm radius from reactor center line. 
Total Flow 
5 seem 
10 
15 
20 
25 
·' 
Silicon loading 
3.05 cm2 
6.786 x 10-6 mol 
1.440 X 10-5 
1.845 X 10-5 
2.440 X 10-5 
3.655 X 10-5 
-28-
• 
• min 
5.94 
·7.024 x 10-6 mol 
1.643 X 10-5 
2.071 X 10-5 
2.464 X 10-5 
2.952 X 10-5 
• min 
\ 
4,,., ..... ' . • 
\l 
r 
' ' . . ... 
. ' 
' . 
5 seem 
10 
15 
20 
25 
. ' 
I 
9.30 cm2 
'8.452 x 10-6 mol 
2.071 X 10~5 
2.655 X 10-5 
3.298 X 10-5 
3.571 X 10-5 
• min 
High Silicon Loading 
r 
10.76 
8.452 x 10-6 mol 
2.143 X 10-5 
3.333 X 10-5 
4.179 X 10-5 
4.905 X 10-5 
• min 
All runs have 40%NF3 in Ar, 25 c, 120, cm2~Si, and 
25 cm radiu,s from reactor center line. 
-29-
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'• 
j 
( 
Total Flow 
5 scern'-
.J 
10 
15 
20 
25 
' 
/ 
Incident Power 
200 Watts 
2.36 x 10-5 mol 
6.48 X 10-5 
1.08 X 10-4 
1.62 X 10-4 
1.92 X 10-4 
-30-
• min 
I 
I 
• 
• 
; 
300 
2.52 x 10-5 mol 
6.60 X 10-5 
1.08 X 10-4 
1.65 X 10-4 
1.90 X 10-4 
- ' 
• min 
\. 
.. ,. . . 
... 
. 4'..: 
: ... 
10 
15 
20 
25 
" / 
I, 
.. 
~-
400 Watts 
3.48 x 10-5 mol 
6.88 X 10-5 
1.10 X 10-4 
1.66 X 10-4 
1.93 X 10-4 
.. 
--31-
• min 
• 
·soo 
3. 79 x 10-.5 mol 
7.38 X 10-5 
1.13 X 10-4 
1.53 X 10-4 
1.93 X 10-4 
,•1 
.,. 
• min 
........ 
.. 
• 
• 
Appendix B: Vita 
"1 
The author's parents, Kozhaya and Nora Akiki, 
were married in Lebanon on November 25,' 1958. The 
author, who has a twin brother Geoffrey, was born on 
January 19, 1960 in Tupper Lake, New York. After 
graduating from Tupper Lake Central High School in 1978, 
the author attended Clarkson University, located in 
Potsdam, New York. Four years later, he received a 
Bachelor of Science degree, with distinction, in the 
field of Chemical Engineering. The author then accepted 
a position with IBM Corporation at their Burlington, 
Vermont facility. The author was involved in process 
engineering until the fall of 1984, when he was chosen 
to participate in the Lehigh University Manufacturing 
Systems Engineering Program. The author has been 
attending Lehigh under the sponsorship of IBM 
Corporation and will returri to Burlington in January of 
1986. The author is currently single and residing in 
Williston, Vermont. 
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